The involvement of the antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase in radiobiological processes has been described at the enzyme activity level. We irradiated radiationresistant (RR) and radiation-sensitive (RS) mice and studied antioxidant enzymes at the transcriptional and activity level. In addition, aromatic hydroxylation and lipid peroxidation parameters were determined to study radiation resistance at the oxidation level. RS BALB͞c͞J Him mice and RR C3H He͞Him mice were whole-body-irradiated with x-rays at 2, 4, and 6 Gy and killed 5, 15, and 30 min after irradiation. mRNA was isolated from liver and hybridized with probes for antioxidant enzymes and ␤-actin as a housekeeping gene control. Antioxidant enzyme activities were determined by standard assays. Parameters for aromatic hydroxylation (o-tyrosine) and lipid peroxidation (malondialdehyde) were determined by HPLC methods. Antioxidant transcription was unchanged in contrast to antioxidant activities; SOD and CAT activities were elevated within 15 min in RR animals but not in RS mice, at all doses studied. Glutathione peroxidase activity was not different between RR and RS mice and was only moderately elevated after irradiation. No significant differences were found between RR and RS animals at the oxidation level, although a radiation dose-dependent increase of oxidation products was detected in both groups. We found that ionizing irradiation led to increased antioxidant activity only minutes after irradiation in the absence of increased transcription of these antioxidant enzymes. RR animals show higher antioxidant enzyme activities than do RS mice, but oxidation products are comparable in RS and RR mice. As unchanged transcription of antioxidant enzymes could not have been responsible for the increased antioxidant enzyme activities, preformed antioxidant enzymes should have been released by the irradiation process. This would be in agreement with previous studies of preformed, stored SOD. The finding of higher SOD and CAT activities in RR than in RS animals could point to a role for these antioxidant enzymes for the process of radiation sensitivity.
The transcription, expression, and increased activity of antioxidant enzymes (AOEs) after ionizing irradiation are well known. However, the biological meaning, i.e., the role of the AOEs superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-PX) for radioresistance in biological systems, still remains unclear and equivocal (1) (2) (3) (4) (5) (6) (7) (8) (9) . According to current opinion, the AOE response to ionizing irradiation is part of an SOS reaction in the bacterial system that has been described in detail (10, 11) . In this reaction, active oxygen species generated by the radiation process lead to the induction of global regulatory genes as, for example, oxyR regulon responding to hydrogen peroxide (12) or the soxRS and soxQ regulons responding to superoxide (13) . These regulons are rapidly and readily induced and control a series of genes, including those encoding for AOEs (14) . This biological principle was also found to be relevant in the mammalian system (15) (16) (17) (18) (19) (20) (21) (22) . Most studies of higher organisms examined the AOE response hours and days after irradiation and are, therefore, confounded by influences, such as inflammation, secondary to radiation per se. No study on early events of AOE transcription has been reported to date, to our knowledge, although it is known that as soon as 30 min after ionizing irradiation SOD activity can be significantly elevated (18) . When they approached this problem, de Toledo and coworkers (7) showed by in vitro studies that mRNA levels for Cu-Zn SOD and CAT in fibroblasts were not increased 1-6 hr after ionizing irradiation at low (3.6 Gy) or high (20 Gy) doses. In contrast to other ''early response genes'' (15, 17) , no early transcriptional data on AOEs are available in literature.
We were interested in whether early (within 5-30 min) transcription and activity of liver SOD, CAT, and GSH-PX were increased after in vivo x-ray whole-body irradiation. Furthermore, we wanted to investigate whether transcription was correlated with the activity of AOEs, and we also tried to find differences in the transcription and activity between a radiation-sensitive (RS; BALB͞c) and a radiation-resistant (RR; C3H) mouse strain after ionizing irradiation (23) . The determination of hydroxyl radical attack and lipid peroxidation complemented our studies to reveal differences at the lipid and protein oxidation level, particularly as they could have been modified by different AOE levels.
MATERIALS AND METHODS
Animals and Irradiation Protocol. We used 60 female BALB͞c͞J Him (RS) and 60 female C3H͞He Him (RR) mice (mean age of 90 Ϯ 3 days) in the experiments. The differences in their responses to ionizing irradiation is well known and documented (23) . This different radiation sensitivity between the two strains consists of different survival rates after wholebody ionizing irradiation and was confirmed in our laboratory by a pilot study. All experiments were carried out with the permission of the German Committee on Animal Experiments (Bonn). Animals were divided into an RR and an RS control group, and the other six (three RS and three RR) groups were irradiated with 2, 4, and 6 Gy. Mice were killed by neck dislocation after 5, 15, and 30 min. Each group consisted of six animals. Whole-body irradiation was performed with an x-ray tube 200 RT (C.H.F. Mueller, Bonn). We applied 200 kV, 20 mA, 0.1 mm Cu filters, and a dose rate of 2 Gy͞min.
mRNA Isolation from Mouse Liver: Northern Blot and Slot Blot Analyses. The organs were obtained at autopsy and immediately frozen in liquid nitrogen. Frozen liver samples were ground, and mRNA extraction was performed with use of the QuickPrep Micro mRNA Purification kit (Pharmacia). Subsequently, mRNA was applied to a 1.4% agarose gel after denaturation with glyoxal and dimethyl sulfoxide according to the method of McMaster and Carmichael (24) and electrophoresed at 3-4 V͞cm for 2.5 hr in circulating 0.01 M phosphate buffer (pH 7.0). RNA was then transferred to a positively charged nylon membrane (Hybond N ϩ ; DuPont, catalogue no. NEF-986) by capillary blotting (25) , fixed with 0.05 M sodium hydroxide for 5 min at room temperature, and equilibrated at pH 7.0 with three washes in 2ϫ standard saline citrate.
Probes for human ␤-actin (ATCC 9800), SOD (ATCC 39786), CAT (ATCC 57439), and GSH-PX (ATCC 104830) were used for Northern blot and slot blot analyses.
For transfection, an aliquot of frozen competent cells (Escherichia coli HB 101) was thawed to O°C, and 5 l of each plasmid (5 g͞100 l) was incubated with the competent cells on ice, followed by an incubation step at 90 sec at 42°C; then the tubes were returned to the ice bath for 2 min. Subsequently, 1 ml of prewarmed (37°C) SOC medium was added and incubated for 60 min on a shaker. Then tubes were centrifuged for 10 min at 4,500 ϫ g, and the pellet was resuspended in Luria-Bertani (LB) medium at three different dilutions and plated in LB agar medium plus ampicillin (100 g͞ml), in which they were allowed to grow overnight at 37°C.
A single bacterial colony was transferred to 4 ml of LB medium containing ampicillin, and the culture was incubated overnight at 37°C with vigorous shaking. One milliliter of the tube was inoculated in 500 ml of LB medium containing ampicillin prewarmed to 37°C in a 2-liter flask; this culture was incubated under vigorous shaking until the OD at 600 nm was 0.4.
For the isolation from the plasmids (pBRM for SOD, psP64 for CAT, and pBluescript for GSH-PX), the Plasmid Maxi Kit (Qiagen, Hilden, Germany), based upon a modified alkaline lysis procedure, was used, and then the plasmid DNA was bound to an anion-exchange resin under appropriate low salt and pH conditions. Plasmid DNA is eluted by this principle by a high salt buffer, concentrated, and delated by isopropanol precipitation.
For digestion with restriction enzymes, 3 g of plasmid; 2 l of SuRE͞Cut buffers for restriction endonucleases (Boehringer Mannheim); 2 l each of BamHI for SOD, EcoRI and PstI for CAT, and EcoRI and XhoI for GSH-PX (Boehringer Mannheim); and 9 l of water were incubated for 3 hr in a thermoblock at 37°C. After the reaction was stopped, the solution was electrophoresed on a 1% agarose gel in 0.15 M Tris-borate buffer (pH 8.0) to show the length of fragments.
Using QIAquick gel extraction (Qiagen, 28704), a method with selective DNA binding properties of a silica gel membrane, the DNA probes were isolated and quantified at 260 nm.
The probes were denatured before labeling by boiling for 5 min and subsequent cooling on ice, and were labeled with fluorescein-12-dUTP using the Renaissance Random Primer Fluorescein-12 dUTP Labeling Kit (DuPont, catalogue no. NEL-203).
After fixation of bound RNA, the nylon membrane was incubated in prehybridization solution [0.25 M phosphate buffer, pH 7.2, containing 5% (wt͞vol) SDS, 1 mM EDTA, and 0.5% blocking reagent (from DuPont, catalogue no. NEL-203)] for 12 hr at 65°C in a hybridization oven. The blots were hybridized overnight at 65°C with each of the labeled probes (50 ng͞ml of the prehybridization buffer).
After hybridization, nonspecifically bound material was removed by posthybridization washes with 0.5ϫ and 0.1ϫ prehybridization buffer (10 min each at 65°C). The 0.5ϫ and 0.1ϫ prehybridization buffers were brought to 65°C before use, and the second wash was performed at room temperature.
Hybridized blots were blocked with 0.5% blocking reagent in 0.1 M Tris⅐HCl (pH 7.2) and 0.15 M NaCl for 1 hr at room temperature. Membranes were then incubated with antifluorescein horseradish peroxidase antibody (DuPont, catalogue no. NEL-203) at a 1:1,000 dilution in the solution given above for 1 hr under constant shaking.
Membranes were washed four times for 5 min each in the solution given above.
The Nucleic Acid Chemiluminescence Reagent (DuPont, catalogue no. NEL-201) was added to the membranes and incubated for 1 min. Excess detection reagent was removed by the use of filter paper, and the membrane was placed in Sarawrap paper and exposed to autoradiography Reflection films (DuPont, catalogue no. NEF-496) for 15 min at room temperature.
Slot blot analysis was performed according to the method of White and Bancroft (26) . This procedure consisted of placing 2 g of total RNA (dissolved) in 10 l of doubledistilled water mixed with 500 l of 100% formamide, 162 l of 37% formaldehyde, and 100 l of 10ϫ Mops buffer. This mixture was incubated for 10 min at 65°C and then cooled on ice. Samples were placed onto the membrane by the Manifolds filtration equipment (slot blot apparatus Bio slot, Bio-Rad), and the hybridization was performed as described above.
Probes showed the expected insert lengths of 0.88 for SOD, 0.80 for CAT, and 0.15 for GSH-PX (Fig. 1) .
Denistometry of films was performed using the Hirschmann elscript 400 densitometer (Bonn).
Determination of Activities of Antioxidant Enzymes. Sample preparation for the determination of liver AOEs was given in a previous paper (27) .
SOD was determined by a spectrophotometrical, commercially available assay (SOD-525, Bioxytech S.A., Bonneuil͞ Marne, France).
CAT was determined spectrophotometrically following a standard method (28) , and GSH-PX was evaluated by using a Malondialdehyde was determined in liver by an HPLC method using the thiobarbituric acid principle as described (29, 30) . Briefly, tissue was added to 1 ml of 10% trichloroacetic acid and 50 l of butylhydroxytoluol (2 mg͞ml methanol), heated for 30 min under constant shaking to 95°C, and spun down at 5,000 ϫ g. The trichloroacetic acid extract (150 l) and 150 l of thiobarbituric acid reagent (60 mg͞10 ml of H 2 O) were heated for 30 min at 95°C. After cooling, the mixture was extracted with 0.6 ml of n-butanol, and the extract was centrifuged. For HPLC determination of malondialdehyde, we used a Lichrosphere RP18 column (Hewlett-Packard) (125 ϫ 4 mm); the eluent was 50 mM phosphate buffer, pH 6.8͞MeOH (6:4), the flow was 1 ml͞min, and detection was carried out with a fluorescence detector (Jasco, Tokyo, model ModFP) 920 at the excitation of 525 nm and emission of 550 nm.
Determination of o-Tyrosine. The determination of otyrosine was carried out after acid hydrolysis of liver samples by an HPLC method given in a previous paper (31, 32) . Briefly, The hydrolysates were evaporated to dryness on a Pierce Reactitherme at 60°C and redissolved in distilled water. This solution was run on HPLC on a HP 1050 high performance liquid chromatograph with electrochemical detector HP 1049A (Hewlett-Packard). The column used was a Spherisorb ODS 2 (250 ϫ 0.5 mm). For the elution, water͞acetonitrile (99:1) was used in a linear gradient. The potential applied was 0.9 V.
Statistical Methods. The ANOVA with subsequent Kruskal-Wallis test and Student's t test was applied, and a level of P Ͻ 0.05 was considered significant.
RESULTS
The results for SOD transcription and activity are shown in Table 1 and Fig. 2 . No significant differences at the transcriptional level, normalized versus the housekeeping gene ␤-actin, were found between the groups studied. SOD activities, however, were significantly elevated as early as 5 min after irradiation and increased with time in both RR and RS mice. Activities in RR mice, however, were significantly higher at all time points.
As shown in Table 2 , CAT transcription, as expressed by mRNA-CAT͞mRNA-␤-actin, was not different between any groups and time points studied.
Again, significant differences were found at the activity level (Fig. 2) . No difference for CAT activity was found at 5 min after irradiation, but in RR mice, a significant rise was observed from 15 min, and this pattern was observed at all irradiation doses. Table 3 , listing the results of GSH-PX transcription (mRNA-GSH-PX͞mRNA-␤-actin) and activity, shows that no differences between groups at the transcriptional level were found. Unirradiated mice showed comparable activities. at no irradiation dose was a significant difference between RR and RS mice detectable, and a moderate rise in activity over time was observed at all radiation doses.
The results of aromatic hydroxylation (o-tyrosine levels) and lipid peroxidation (malondialdehyde levels) are given in Table  4 and Fig. 2 .
o-Tyrosine and malondialdehyde were not significantly different when unirradiated or irradiated RR and RS mice were compared. Irradiation, however, increased significantly and in a dose-dependent manner aromatic hydroxylation and lipid peroxidation.
DISCUSSION
No AOE tested showed increased transcription in the early phase up to 30 min after irradiation. This finding is compatible with the only relevant work on transcription of AOEs by de Toledo and coworkers (7), who did not find transcription of AOEs 1 hr after ionizing irradiation. This finding cannot be assigned to a general suppression of transcription in the early postirradiation phase as proposed by Woloschak and coworkers (18) as accumulation of specific mRNAs takes place as soon as 15 min after irradiation. Radiation is known to generate active oxygen species immediately, and in turn, one would expect that AOE as a part of the antioxidant defense would be transcribed immediately, either directly by the presence of active oxygen species or indirectly mediated by the induction of the SOS early response genes to irradiation. These early response genes are indeed expressed immediately (within minutes) after irradiation (10, 15, 17) , but one wonders why AOEs, if they do play a role in the defense against ionizing radiation, are not transcribed at the early phase. We show ( Table 4 ) that, minutes after irradiation, hydroxyl radical attack as well as lipid peroxidation has already taken place, but no increased AOE transcription was detectable.
Determining the activity of AOE, however, we found that activities of SOD were increased at a very early postirradiation period, followed by increased CAT and GSH-PX activities. This early AOE response, i.e., increased activity (transcription not tested), was published before supporting our findings (1, 16) .
The posttranscriptional effects, the presence of preformed AOEs or conformational changes by irradiation or its products, generated could have led to increased AOE activity (33) . In eukaryotic cells, MnSOD, an SOD isoenzyme, is preformed and stored as a precursor (34) . Radiation may well have led to the activation of liver AOE in our model. On the other hand, extracellular AOEs such as extracellular SOD (35) exist, and imbibition of the liver by extracellular fluid after irradiation could have been responsible for increased enzyme activities detected. This extracellular influence is, however, highly unlikely as we could show in a parallel study that plasma levels of AOE were not increased after irradiation (unpublished results and data not shown). We were most probably detecting this activity as we used by purpose an assay for nonspecific SOD activity and not an assay for isoenzymes.
Another main goal of the study was to investigate the differences of AOE transcription in RS and RR mouse strains. Neither in the unirradiated nor in the irradiated state transcriptional could differences be found. However, when activities were considered in this context, SOD activities were significantly higher in RR animals as early as 5 min after irradiation (Table 1) . CAT was significantly higher after 15 min in the RR animals, but no difference was observed for GSH-PX activities. All three AOEs were comparable in the unirradiated state. These findings suggest a role for SOD and CAT in radioresistance mechanisms, as has already been proposed.
The fact that GSH-PX did not differ between the RR and RS mouse strains in our study supports previous reports demonstrating that GSH-PX may not be important for radiation resistance (4) .
Lipid peroxidation and hydroxyl radical attack were found to be in a radiation dose-dependent manner (Table 4) , but no significant differences (RS had insignificantly higher oxidation products) between RR and RS groups were detectable. One might expect lower levels of oxidation products in RR animals because of the increased AOE activities; on the other hand, the influence of other oxidoreductases, such as thioredoxin (36) or metallothioneins (37) , has to be taken into account and may well modulate generation of oxidation products. Again, baseline levels (unirradiated mice) did not show different levels of oxidation.
We have shown in a simple, nonsophisticated model that no increase of AOE at the transcriptional level occurred (most probably as all transcriptional activity is needed for the ''emergency͞SOS gene transcripts'' given above) but that increased AOE response in terms of activity was detected. This phenomenon may be caused by either activation of preformed AOEs or imbibition of the irradiated liver with extracellular fluid. AOE activities were higher in the RR animals, with the mechanism for the RR͞RS difference remaining unclear (but increased AOE activities were not associated with lower levels of lipid peroxidation and hydroxyl radical attack). These findings, however, support the hypothesis that SOD and CAT may be involved in the radiation resistance mechanism.
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